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Abstract 
Spent catalyst is a material produced from the cracking of petroleum in oil refineries. There are two types of Spent Catalyst 
produced in Oman, equilibrium catalyst  from Mina Al-Fahal Refinery and zeolite catalyst from Sohar Refinery. The study 
explored the possibility of using this material in highway construction in the form of aggregate replacement or filler material 
in asphalt concrete mixtures. The mix design work done on asphalt mixtures containing spent catalyst from both source shows 
that there is a good potential for using spent catalyst in road applications.   
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1. Introduction 
Spent catalyst is produced from the cracking of petroleum in oil refineries around the world.  Essentially, 
activated alumina is used in an oil refinery for removal of chloride from HC/H2 gas by adsorption of chloride ion 
into the pore structure of alumina and retaining it by strong physical bonds.  The generated spent catalyst is 
classified as a waste material consisting primarily of silicates, aluminates and other secondary elements. The 
disposal of spent catalyst is of major concern to oil refineries.  In past years, the spent catalyst was sent to 
dumping sites or landfills.  However, with increasing environmental restrictions and concerns, other waste 
management techniques should be explored.  This could include recycling the spent catalyst in construction or 
converting the material into a useful product in the manufacturing of cement or as an adsorbent in treating 
produced water, grey water and other waste water types. In Oman, there are at least two types of spent catalysts: 
1) equilibrium catalyst generated at Mina Al-Fahl Refinery and 2) zeolite catalyst generated at Sohar Refinery. 
Spent catalyst from Mina Al-Fahl Refinery is spherical beige grains.  The material is collected in one ton 
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(1000kg) bags and stored in shaded yards. Approximately 20-25 tons per day of spent catalyst are generated at the 
Sohar Refinery and the material produced has essentially a fine powder form. The spent catalyst from Sohar 
refinery is collected in one ton (1000 kg) bags and stockpiled on the refinery premises itself along with two well-
designed landfill.  
 
Several attempts were made to beneficially utilize spent catalyst in order to minimize the environmental and 
economical burden associated with storing it in landfills.  Most of these applications focused on incorporating 
spent catalyst in concrete.  This was driven by the similarity of the chemical and physical properties of spent 
catalyst to Portland cement and sand. The large contents of SiO2 and Al2O3 in the spent catalyst participate in the 
process of cement hydration by forming additional amounts of C-S-H gel in the reaction with Ca(OH)2 in 
concrete mixtures [1, 2].  Sand replacement and partial replacement of cement are the commonly used application 
in the concrete industry [3, 4]. Despite the serious attempts by the concrete industry to use spent catalyst, asphalt 
industry however, seems to be lagging in this regard. Literature citing the use of spent catalyst in asphalt mixture 
for example is almost none existing.  A very brief discussion on the use of spent catalyst as a filler material was 
provided by Furimsky [5] in which he recommends the use of 3% to 5% of spent catalyst. 
 
The main objective of this study was to investigate potential uses of spent catalysts from Mina Al-Fahl and 
Sohar Refineries as a building material in highway construction. In particular, the possibility of using spent 
catalysts as an aggregate or filler material in asphalt concrete mixtures was investigated. 
2. Materials 
The following section summarizes the materials used in this study and their relevant properties. 
2.1. Spent Catalyst 
The physical state of both spent catalysts is solid and insoluble material. Spent catalyst from Mina Al-Fahl 
Refinery has white to off-white color while spent catalyst from Sohar Refinery is gray in color. The average 
specific gravities were 2.757 and 2.604 for Mina Al-Fahl and Sohar respectively. Sieve analysis was performed 
on spent catalyst material from both sources in accordance with AASHTO T88. To evaluate the consistency of 
the raw materials obtained from both refineries, specimens from each container shipped to the laboratory (8 
containers from Mina Al-Fahal and 5 from Sohar) were sampled and tested.  Fig. 1 and Fig. 2 show the particle 
size distribution of both types.  Samples from Minal Al-Fahal are referred to as SC-MF and those from Sohar are 
referred to as SC-SR. The different gradation curves are for samples taken from different containers. Results of 
the sieve analysis indicated that Sohar spent catalyst is finer in nature than Mina Al-Fahal spent catalyst. More 
variability is noticed in Mina Al-Fahal Spent Catalyst specimens obtained from different containers. Table 1 
shows key measured physical properties of the raw spent catalyst from both sources. Table 2 shows the chemical 
composition of both types.  
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Fig. 1. Gradation Analysis for Spent Catalyst from Mina Al-Fahal 
 
 
 
Fig. 2. Gradation Analysis for Spent Catalyst from Sohar 
2.2. Aggregate and Binder 
Aggregate was obtained from a local asphalt plant. The aggregate structure used in the mix design is 
composed of 20mm and 10mm coarse aggregate sizes and 0-5mm sand. In addition, mineral filler is used. Oman 
specifications for hot mix asphalt concrete require that the particle sizes of the blended aggregate be within a 
certain gradation band. Classes A, B and C represent three types of wearing course gradations depending on the 
maximum aggregate size. The design blend gradation is shown with the upper and lower specifications limits for 
wearing course class B in Fig. 3. The asphalt binder used was a penetration grade 60/70. 
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Fig. 3. Design Blend Gradation and Specification Limits for Wearing Course Class B 
 
3. Asphalt Mixture Design 
HMA mix design is the process of determining what aggregate to use, what asphalt cement binder to use and 
what the optimum combination of these two ingredients should be.  HMA mix design has evolved over the years 
as a laboratory procedure that uses several critical tests to make key characterizations of several trials HMA 
blends.  Although these characterizations are not comprehensive, they are intended to give the mix designer a 
good understanding of how a particular mix will perform in the field during construction and under subsequent 
traffic loading.  Close inspection of the particle size distribution of the spent catalyst and aggregate blend 
indicated the possibility of using spent catalyst from Mina Al-Fahal as aggregate replacement in the size range of 
4.75 mm to 2.36 mm. This replacement results in using about 20% of spent catalyst by weight of aggregate.  
Spent catalyst from Sohar was used as mineral filler due to its fine nature.  The filler material in the original 
gradation was fully replaced by the spent catalyst resulting in 5.5% of spent catalyst being used. The idea was to 
try to use the maximum practical amount of spent catalyst (as permitted by the aggregate gradation used) as the 
starting point for incorporating the catalyst in asphalt mixtures. Mixture design was performed on the aggregate 
structures that were formulated with spent catalyst as either aggregate replacement or a filler material.  The 
Marshall mix design method (AASHTO T245) for heavy traffic category was followed. This is the method 
currently used for asphalt mixture design in Oman. For every aggregate structure, trial asphalt content was 
estimated as a starting point.  Further increments of 0.5% asphalt content were then used for the mix design 
process.  The aggregates were batched out in the appropriate quantities to produce a final aggregate specimen of 
approximately 1200 g. The aggregate batches, asphalt binder and mixing equipment were heated for four hours at 
160°C to achieve appropriate uniform mixing temperature.  The binder and the aggregate were then mixed in a 
mechanical mixing device until a uniform mix is obtained.  The resulting mix was placed in a flat pan and heated 
for two hours at the compaction temperature of 145°C for short term aging. This aging represents the aging that 
occurs in the field between mixing and placement and allows for absorption of the asphalt binder into the 
aggregate pores.   
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Three specimens were compacted at each trial asphalt content using the Marshall compactor.  The bulk 
specific gravity of the compacted specimens was then determined according to AASHTO T 166 standard test 
procedure.   Another set of two identical specimens in the loose condition of the same mix was used for the 
maximum theoretical density determination which was done using the Rice method according to AASHTO T 209 
standard.  The air void level was then calculated for that mixture.  The mixtures were further analyzed to 
determine the rest of volumetric and physical properties.  Finally, the Marshall test was carried out on compacted 
specimens to determine the Stability and Flow values. 
 
4. Results and Discussion 
Optimum binder content determination is one of the most important aspects in the design process.  Mixture 
properties are very sensitive to changes in binder content.  The optimum binder content is selected as the asphalt 
content corresponding to the median air void specification limits. The air void limits in the Omani specifications 
for wearing course are set to be in the range 4.0%– 7.0%.  Therefore, the optimum binder content was selected at 
the asphalt content that corresponds to an air void level within that range.  Other properties were then determined 
at that binder content to check if they meet the specification requirements. The results of the mix design of 
asphalt mixtures made with spent catalyst from Mina Al-Fahal are presented in Table 3. Table 4 shows the 
specification requirements. 
 
Table 3 Mix Design Results-Mina Al-Fahal Spent Catalyst (20%) 
 
AC, 
% 
Stability, 
kN 
Flow, 
 mm 
Air Voids, 
 % 
VMA,** 
 % 
VFA,*** 
% 
Density, 
g/cm3 
4 11.93 3.72 19.04 26.94 29.31 2.08 
4.5 13.60 3.79 17.75 26.68 33.46 2.10 
5 14.73 3.98 14.49 26.59 45.52 2.13 
5.5 16.87 3.81 13.13 24.78 47.04 2.18 
6 14.50 4.05 10.78 24.58 56.14 2.19 
* Asphalt Cement Content, ** Voids in Mineral Aggregates, *** Voids Filled with Asphalt 
 
Table 4 Mix Design Specification Requirements 
 
Property  Specification Limit  
Stability  14 kN minimum  
Flow  2-5 mm  
Voids in total mix  4.0-7.0 %  
Voids in Mineral Aggregate  14-15%  
Voids Filled With Asphalt  50-70 %  
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Examining the results of asphalt mixtures with Mina Al-Fahal Spent Catalyst shows that the air voids level for 
the entire range of the AC contents used are well above the recommended range by the Omani Specifications 
(4%-7%). It should be recalled that the amount of spent catalyst used was about 20% by weight of aggregate.  
Given this high content, its fine nature, and the possibility of crushing during compaction, the spent catalyst 
particles could have well played the role of impeding compaction and hence resulted in higher voids content. As 
a result of that, it was not possible to determine an optimum asphalt content for this particular mix.  Based on this 
finding, it was recommended to redesign asphalt mixture containing spent catalyst from Minal Al-Fahl with 
lower amount of catalyst than what was used in the initial design. Following that recommendation, the amount of 
aggregate replacement by the spent catalyst produced from Minal Al-Fahl was reduced to 10% by weight of 
aggregates. The Marshall mix design was then conducted on the modified aggregate structure and the results 
were again compared with the specification requirements.  The optimum asphalt content was determined to be 
5.5% by total weight of mix. Table 5 shows mix properties at the optimum binder content together with the 
specification requirements.  All the properties are in line with the specification requirements. Stability in 
particular was significantly above the minimum requirement. 
 
Table 5 Design Parameters at Optimum Asphalt Content of 5.5%- Mina Al-Fahal Spent Catalyst (10%) 
 
Design Parameter Value Specification 
 
Air Voids 6.0% 4.0-7.0 % 
Stability 18.2 kN 14 kN 
Flow 3.8 mm 2-5 mm 
VMA 18.3% 14-15% min 
VFA 66% 50-70% 
Density 2.310 n/a 
 
The design parameters for the asphalt mixtures with Spent Catalyst from Sohar are closer to those obtained to 
conventional asphalt mixtures.  The optimum binder content corresponding to air void level of 5.5% is found to 
be 5.6%.   The design parameters corresponding to this binder content are shown in Table 6.  It can be clearly 
seen that the mix meet most of the Omani specification requirements except for stability which is marginally less 
than the required 14 kN (actual value obtained is 13.8 kN).  This is still a considerably high value and mixes with 
such stability are accepted and used by many highway authorities around the world such as the Asphalt Institute 
in the USA where the required minimum stability for this type of wearing course mixes is 8 Kn. 
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Table 6 Design Parameters at Optimum Asphalt Content of 5.6%- Sohar Spent Catalyst (5.5%) 
 
Design Parameter Value Specification 
 
Air Voids 5.5% 4.0-7.0 % 
Stability 13.8 kN 14 kN 
Flow 2.84 mm 2-5 mm 
VMA 18.5% 14- 15%  
VFA 70 % 50-70% 
 
5. Environmental Analysis 
Extensive environmental characterization was performed on the spent catalyst in its raw form (as received) 
and when incorporated in asphalt mixture and other applications.  This was done as part of a wider scope study 
on the possibility of utilizing spent catalyst in construction (Taha et al. 2011).  In summary, the leachability 
characteristics of the Sohar and Mina Al-Fahl spent catalysts were determined. The toxicity of metals can be 
predicted by testing for their leachability. The Toxicity Characteristic Leaching Procedure (TCLP) as developed 
by the U.S. Environmental Protection Agency (EPA) was followed. It was found that the concentration of all 
toxic metals in the spent catalysts samples that were analyzed did not exceed the allowable limits. Therefore, it 
would be safely concluded that the toxic metals concentrations in the spent catalysts would not be harmful to the 
environment in reuse applications such as asphalt mixtures. Tables 7 and 8 show an extract of some of the 
measurements made on asphalt mixture specimens. It should be noted that the TCLP procedure does not set 
allowable limits for all the measured elements shown in the tables below. 
 
Table 7 TCLP Results in ppm of Asphalt Application of Sohar and Mina AL-Fahl Spent Catalysts 
 
Sample Cd Co Cu Cr Fe Pb Mn 
MAF 
4%AC* 
N.D** 9.40 N.D N.D 0.37 N.D 1.27 
MAF 
6%AC 
N.D 0.01 0.03 N.D 0.13 N.D 1.16 
SHR*** 
4.5%AC 
N.D 0.01 0.03 N.D 0.99 N.D 1.14 
SHR 5%AC N.D 0.01 0.03 N.D 2.26 N.D 1.15 
SHR 5.5%AC N.D 0.01 0.02 N.D 2.23 N.D 1.54 
SHR 6%AC N.D 0.01 N.D N.D 2.05 N.D 1.30 
allowable 
limits
1.0 NA+ NA 5.0 NA 5.0 NA 
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* Mina Al-Fahl Spent Catalyst with 4% Asphalt Cement  
** Not Detected 
*** Sohar Spent Catalyst with 4.5% Asphalt Cement 
+ Not Applicable 
 
Table 8 TCLP Results in ppm of Asphalt Application of Sohar and Mina AL-Fahl Spent Catalysts cont. 
 
Sample Mo Ni V Zn Ca K Mg Na 
MAF 
4% AC* 
N.D** 0.02 N.D 0.07 413.59 32.32 84.16 638.22 
MAF 
6% AC 
N.D 0.02 N.D 0.09 397.71 23.69 71.00 434.07 
SHR 
4.5%AC*** 
N.D 0.03 N.D 1.19 425.45 2.4 63.42 230.17 
SHR 5%AC N.D 0.03 N.D 0.08 391.20 1.8 83.29 210.75 
SHR 5.5%AC 0.01 0.03 N.D 0.07 429.65 2.23 68.90 308.07 
 SHR 
6%AC 
N.D 0.03 N.D 0.06 409.01 2.01 67.53 218.04 
* Mina Al-Fahl Spent Catalyst with 4% Asphalt Cement 
** Not Detected 
*** Sohar Spent Catalyst with 4.5% Asphalt Cement 
6. Conclusions 
The mix design work done on asphalt mixtures containing spent catalyst from both source of Minal Al-Fahl 
and Sohar shows that there is a good potential for using spent catalyst in road applications.  Based on the 
aggregate structure used in this particular study, spent catalyst from Minal Al-Fahl could be used as aggregate 
replacement in the size range of 4.75 mm to 2.36 mm with a recommended amount of 10%, by total weight of 
aggregate.  For the Sohar spent catalyst, and due its fine nature, it is recommended to use it as mineral filler with 
a recommended amount of about 5.5%, by total weight of aggregate. The environmental characterization 
performed on the spent catalyst in its raw form (as received) and when incorporated in asphalt mixture showed 
that that the concentration of all toxic metals in the spent catalysts samples that were analyzed did not exceed the 
allowable limits. It should be noted however, that further characterization of the designed mixtures in terms of 
more fundamental properties is necessary in order to better understand the performance of the mixtures.  The 
findings of this study therefore, should not be considered conclusive and a more comprehensive evaluation of the 
use of spent catalyst is encouraged by the experts in the field of asphalt materials. 
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